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Plasma high harmonics generation from ultra-intense laser pulses
Suo Tang, Naveen Kumar,∗ and Christoph H. Keitel
Max-Planck-Institut fu¨r Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
Plasma high harmonics generation from an extremely intense short-pulse laser is explored by
including the effects of ion motion, electron-ion collisions and radiation reaction force in the plasma
dynamics. The laser radiation pressure induces plasma ion motion through the hole-boring effect
resulting into the frequency shifting and widening of the harmonic spectra. Classical radiation
reaction force slightly mitigates the frequency broadening caused by the ion motion. Based on the
results and physical considerations, parameter maps highlighting optimum regions for generating a
single intense attosecond pulse and coherent XUV radiations are presented.
PACS numbers: 52.38.-r, 42.65.Ky, 52.65.Rr,
One can not overstate the need for a powerful and co-
herent source of radiation operating in the extreme ultra-
violet (XUV) region due to the multitudes of its applica-
tions ranging from the novel field of attosecond physics
to probing the hot and warm dense matter [1, 2]. High
harmonic generation (HHG) from linearly polarized fem-
tosecond (fs) laser pulse interaction with solid density
targets is most suitable to generate attosecond pulses and
extend the coherent radiation sources into the XUV re-
gion [3–7].
In general, different physical mechanisms are respon-
sible for HHG generation, and their onset depends on
the plasma density of the target, laser intensity, inci-
dent angle and plasma density gradient [6–8]. In non-
relativistic or mildly relativistic regime, (a0 < 1, with
a0 = eE/mec ωl, e and me denote the charge and rest-
mass of the electron respectively, E and ωl are the elec-
tric field and frequency of laser respectively, c is the
light speed in vacuum), HHG occurs due to wake cre-
ated by the Brunel electrons [9] inside the solid target.
This mechanism is known as the coherent wake emis-
sion (CWE) [10] and in this case the harmonic spec-
trum is limited by the local plasma frequency ωp =
(4pie2ne/me)
1/2 where ne is the local plasma electron
density. In relativistic regime (a0 ≥ 1), HHG can be
explained with the relativistic oscillating mirror (ROM)
[11–13], coherent synchrotron emission from electron
nanobunches [14] and relativistic electron spring mod-
els [15]. In the ROM model, the oscillating overdense
layer of plasma electrons reflects the incoming laser pulse.
The phase of this reflected laser pulse, owing to nonlinear
interaction with the plasma, is strongly modulated and
contains higher harmonics [11, 12]. It maybe noted that
one can also produce x-ray radiation from the laser in-
teraction with gas jet targets and underdense plasmas by
the frequency up-conversion [16] and betatron radiation
mechanisms [17], respectively.
In comparison to gas harmonics, the underlying ad-
vantage of the fs laser-solid interaction for HHG is to
be able to use higher incident laser intensity. Currently,
laser systems with intensities Il ≥ 1021W/cm2 are ei-
ther available or are on the horizon [18]. In this ultra-
relativistic regime of HHG, the plasma ion motion and
radiation reaction (RR) force [19–21] must instructively
be taken into account. The plasma ion motion originates
from the hole-boring (HB) effect [22], in which the laser
pressure pushes the plasma target surface inwards creat-
ing a double-layer structure. The electron layer in this
structure oscillates around the ion layer emitting high-
harmonics but the structure itself has a slow motion in-
side the target. The HB effect also leads to strong com-
pression of the plasma density at the laser-target inter-
face necessitating the inclusion of electron-ion collisions
in plasma dynamics. While the plasma ion motion and
collisions affect the electron layer dynamics, radiation re-
action force changes the laser energy partition among
electrons, ions and radiation in the plasma [21].
This Letter studies, for the first time, HHG by in-
cluding the effects of plasma ion motion, electron-ion
collisions and radiation reaction force together in the
ultra-relativistic laser-plasma interaction dynamics. The
Doppler shift of the incident laser frequency, arising due
to the HB effect, in the rest frame of the target leads to
non-integer harmonics being generated in a laboratory
frame of reference [22]. We show that this inevitable fre-
quency shift leads to the widening of the harmonic peaks
resulting in a large frequency bandwidth in the harmonic
spectra. We analyze analytically the widening of the har-
monic spectra and validate it by particle-in-cell (PIC)
simulations. We then discuss the effect of RR force on
HHG by employing the Landau-Lifshitz prescription of
RR force [19] in PIC simulations. Based on these results
and physical considerations, parameter maps relating the
laser intensity with the plasma density are generated,
which highlight the regions suitable for both a single in-
tense attosecond pulse and coherent XUV radiation gen-
erations for different plasma targets and incidence angles.
Essentially the physical mechanism behind the fre-
quency broadening is the dynamic HB effect. During the
initial stage of interaction, the HB velocity is not con-
stant.This causes variable frequency shifts and since the
whole spectrum is a superposition of variable frequency
shifts, it results into the broadening of the harmonic spec-
tra. To estimate the broadening, we proceed by recalling
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FIG. 1. (color online) 1D PIC simulations of HHG. The x
and y axes represent harmonic numbers and intensity In, re-
spectively. The frequency shift (deviation from the vertical
green dashed lines) is clearly seen. (a) With and without ion
motion at plasma density ne = 200 and with a constant laser
amplitude a(t) = a0 for 0 < t < Td. (b) With a laser pulse of
temporal profile a(t) = a0 sin
2(pit/Td), where Td = 20Tl, at
plasma density ne = 80. (c) HHG with different plasma den-
sity gradients L. The maximal plasma density is ne = 200
with the same laser profile as in (a) except Td = 5Tl. The
vertical green dashed lines correspond to integer harmonics
from selection rules defined in [12].
the peak frequency shift in the laboratory frame of refer-
ence [22] which reads as
δωn = nωl − ω
′
n = nωl
2βis
1 + βis
. (1)
where ωl is the incident laser frequency in the lab-
oratory frame of reference. The HB velocity βis is
defined as βis = B/(1 + B)(1 − Xh), B = (1 +
mi/Zme)
−1/2(I cos4 θ/ne)
1/2, I is the incident laser in-
tensity, and Xh = nh(2γh − 1)/(4I cos2 θ) denotes the
rate of energy absorbed by the hot electrons [23]. The
average hot electrons energy and density can be approx-
imated as γh =< a
2
s > /2, as = 2a0 cos
−1 θ/
√
ne is at
the surface [12], and nh = nrc/3 respectively. The rela-
tivistic critical density being nrc = cos
2 θ
√
1+ < p2 > =
cos2 θ
√
1 + I, gives Xh ≈
√
I/(3ne cos
2 θ). From now on-
wards, we use the dimensionless quantities: ne = ne/nc,
t = ωlt, x = klx, β = v/c, ωn = ωn/ωl, In = In/Ir,
where nc = 1.742 × 1021cm−3, Ir = c(mecωl/e)2/4pi =
4.276× 1018W/cm2.
We wish to emphasize that this peak frequency shift
is indeed important for both lower and higher order har-
monics. While the large HB velocity is bound to cause
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FIG. 2. (color online) 2D PIC simulations with different
targets and incident angles. The intensities are normal-
ized to the intensity of the 17th harmonic for normal in-
cidence and the 16th harmonic for oblique incidence. (a)
Gold plasma with density gradient L = λl/8. (b) Car-
bon plasma with L = λl/16. The laser pulse has tempo-
ral a(t) = a0(tanh((t − Ts)/W ) − tanh((t − Te)/W ))/2 and
transverse a(t, y) = a(t) exp(−y2/σ2) profiles, where a0 = 40,
W = Tl = λl/c and σ = 4λl. The laser pulse has maximum
intensity from Ts = 5Tl to Te = 13Tl.
substantial frequency shifts, even the small HB velocity
induces inevitably large frequency shifts in higher-order
harmonics. Since the HB effect is not a stationary ef-
fect, this frequency shift can lead to broadening of the
harmonic spectra. Considering that the maximum fre-
quency shift and the highest intensity of the harmon-
ics occur at the highest intensity of the laser pulse, one
can scale the width (FWHM) of each harmonic quantita-
tively as half of the peak frequency shift ∆ωn = δωn/2.
Fig.1 shows 1D PIC simulation results of HHG performed
with the EPOCH PIC code [24] in which a linearly po-
larized laser pulse, with wavelength λl = 0.8µm is nor-
mally incident on a preionized plasma target. Fig.1 (a)
shows the frequency shift (δωn) and harmonic spectrum
broadening (∆ωn) with and without the ion motion for
a constant laser pulse amplitide. For the parameters in
Fig.1 (a) I = 800 one get δω25 = 1.30, ∆ω25 = 0.65,
while for Fig.1 (b) peak laser intensity I = 800 and
average field < a >= 20, one obtains δω25 = 1.95,
∆ω25 = 0.97 from Eq.(1). These values match very
well with the PIC simulation results. The slight discrep-
ancy between analytical estimates and PIC simulation
results can be attributed to the rough analytical estima-
tion of the hot electron generation. Figs.1 (b) and (c)
show shift and broadening in the case of a laser pulse
with temporal profile and plasma density gradient re-
spectively including the ion motion. Apart from HB in-
duced frequency broadening, two other effects are also
responsible for broadening the harmonic spectrum: first,
because of the laser temporal profile also [5], harmonics
3generated by different parts of the laser pulse can have
different frequency shifts, leading to frequency broaden-
ing as shown by the solid black line in Fig.1(b). Second,
harmonic spectra can also be broadened due to variable
frequency shifts arising from the plasma density gradient
i.e. ne = n0 exp(x/L). Fig.1(c) depicts this broaden-
ing and one can clearly see that steep density gradient
results into a narrower spectrum ( frequency shift and
width for density gradient L = λl/32 case (red dash-
dotted line) are same as in Fig. 1(a) which has a step-
function density profile) while longer density gradient
leads to widening of the harmonic spectrum. One may
note that the ion motion induced broadening dominates
over the last two mechanisms and it occurs in the first
few cycles of the laser pulse and therefore can not be mit-
igated by resorting to few cycle laser pulses for HHG as
shown by the red dotted line in Fig.1(b). Finally, Fig.2
shows 2D PIC simulation results of HHG on fully ionized
gold (Au, A/Z = 197/79) and carbon (C, A/Z = 12/6)
plasma targets with plasma density gradient. For the
(a) gold and (b) carbon plasma targets, Eq.(1) yields
the frequency bandwidth of the 21st harmonic as (a)
∆ω21 = 0.72ωl, (θ = 0), ∆ω21 = 0.20ωl, (θ = 45
◦) and
(b) ∆ω21 = 0.61ωl, (θ = 0), ∆ω21 = 0.25ωl, (θ = 45
◦)
respectively and they match well with PIC simulation
results in Fig.2. Here we only show harmonics up to or-
der n ≤ 25 since the peak frequency shift and widening
are expected to be large for higher-order harmonics.
At higher laser intensity Il ≫ 1022W/cm2, the effect of
RR force [19, 20] is important as it influences the electron
motion, partitioning of the laser energy among different
particles [21], and consequently the harmonic generation.
Figs. 3(a) and (b) show 2D PIC simulation results depict-
ing the influence of RR force on HHG. One can see that
the peak frequency shift and the frequency widening of
the harmonics is smaller with the RR force effect. This
difference, albeit smaller, is clearly noticeable (see inset
of Fig. 3(a)). Essentially RR force leads to redistribution
of the laser energy among different species of particles
(electrons, ions and photons) which enhances the laser
energy absorption and accordingly decreases the HB ve-
locity [21, 22] as shown in Fig. 3(c). However, the in-
tensity of the harmonics emitted is also reduced by RR
force in an oblique incidence case. This can be under-
stood in the following way: HHG depends strongly on
the backward motion of the electron layer towards the
laser pulse. For the backward motion of the electrons,
RR force is stronger and it tends to slow down the elec-
tron layer movement as shown clearly in Fig. 3(d). In an
oblique incidence case, the backward motion can be ac-
celerated by the Ex component of the laser field thereby
enhancing the RR force effects. Consequently the inten-
sity of the generated harmonics can be slightly reduced
in the oblique incidence case. Hence, the RR effects can
slightly reduce the harmonic intensity, but at the same
time slightly improve the frequency bandwidth of the
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FIG. 3. (color online) 2D PIC simulations of HHG. The black
(dark) lines accounts for RR force while the magenta (light-
grey) lines do not. (a) normal incidence θ = 0; (b) oblique
incidence θ = pi/4. (c) Transverse motion (y-axis) of the
electron (Xes/λl, solid lines) and ion (Xis/λl, dotted lines)
layers. The electron and ion layers are defined at the position
with density ne = Zni = a0nc. (d) Relative position (y-axis)
of the electron layer, (Xes −Xis)/λl, with respect to the ion
layer. (c), (d) are for 1D normal incidence case. The laser
has same profile as in Fig.1(a) except a0 = 250 and plasma
density is ne = 1100nc.
generated harmonic.
This widening of the harmonics spectra caused the HB
induced frequency shifts can produce a quasi-continuous
frequency spectrum, a prerequisite for generating an in-
tense isolated attosecond pulse [4]. Though this fre-
quency broadening can limit the temporal coherence of
the high-frequency XUV radiation. This juxtaposition
can be exploited to create a parameter map (laser in-
tensity vs plasma density) where different regions of the
parameter map correspond to different applications e.g.
coherent XUV radiation and single attosecond pulse gen-
erations. The line that separates the two regions corre-
sponds to a case when the frequency broadening equals
the laser frequency. This implies ∆ωmaxn /ωl = d, where
d = 1, 2 for oblique (p-polarization) and normal inci-
dences respectively, on taking into account the selec-
tion rules for HHG [12]. On using Eq.(1), one gets
βmaxis = d/(n−d), yielding a bound on plasma density as
nmine1 =
(n− 2d)2I cos4 θ
d2 (1 +mi/Zme)
(
1− n− d
n− 2dXh
)2
. (2)
For densities lower than Eq.(2), harmonic orders higher
than n overlap with each other producing a quasi-
continuos frequency spectrum while at higher densities,
one gets sharp harmonic peaks, which can be spectrally
filtered to produce a high-frequency radiation source with
high temporal coherence. Here and below we do not
taken into account RR force as it does not strongly affect
4the frequency shift of high-harmonics as shown in Fig. 3.
The intensity of the generated harmonics is also cru-
cial for intense attosecond physics experiments. Fig. 1(a)
shows strong reduction in the harmonic intensity due to
the ion motion. This reduction can be attributed to the
change in the density and the amplitude of the oscilla-
tion electron layer, arising significantly due to the HB
effect and to a lesser extent by electron-ion collisions.
Moreover, very high plasma density does inhibit the for-
mation and oscillation of the electron layer, and conse-
quently poses a limit on HHG. This limit can be esti-
mated by balancing the electrostatic force acting on the
electron layer inside the plasma with the ponderomotive
force of the laser, i.e. neXam ≈ aes cos θ ∂x aes, where
aes = as exp (−x/λs), λs ∝ n−1/2e is the skin-depth. This
gives Xam ≈ 8Icos θ /n3/2e , showing that the amplitude
and consequently the harmonic intensity (In) vanishes
at very high plasma density. Moreover, harmonic inten-
sity (In) also decays with the harmonic frequency (ωn).
Numerical calculations (not shown here) suggest the os-
cillating amplitude to be Xminam ≥ 0.05λl in order to pre-
vent the harmonic intensity from decaying faster than
In ∝ ω−8/3n [25]. On equating Xam with Xminam , one can
place an upper limit on the plasma density for intense
HHG. Consequently, with the given laser intensity I, the
maximum density nmaxe of the target plasma can be cast
as
nmaxe = 8.656I
2/3(cos θ)−2/3. (3)
With the help of the bounds given by relativistic criti-
cal density nrc, Eqs.(2) and (3), one can construct a pa-
rameter map relating the plasma density with the laser
intensity and demarcate the map into two regions cor-
responding to both the coherent XUV radiation and an
intense single attosecond pulse generations. Fig. 4 shows
these parameter maps for normal and oblique (θ = 45◦)
incidences of the laser pulse on gold and carbon plasma
targets. The lowest red line corresponds to nrc and sets
a lower bound for HHG. The upper most dash-dotted
blue line comes from Eq.(3) and it denotes the maxi-
mum density for intense HHG. The region between these
two lines shows the contours of plasma densities given
by Eq.(2) with color bar representing different harmonic
orders. For instance, the middle dashed and dotted black
lines have been plotted for the 50th harmonic correspond-
ing to a photon of energy 77.5 eV in the XUV region of
the electromagnetic spectrum. The middle dotted black
line accounts for the hot electron generation and it de-
viates from the middle dashed black line only at lower
plasma densities where the generation of the hot elec-
tron reduces the HB velocity significantly. Thus, the re-
gion of the map below the top most dash-dotted blue
line, and above the intersection of middle dotted black
and lower most red lines, is the region where overlapping
between harmonic orders (≤ 50) is not significant, and
FIG. 4. (color online) Parameter maps for optimum HHG
for (a), (b) normal incidence and (c), (d) oblique incidence
(θ = 45◦) with p-polarizations. (a), (c) are for gold plasma;
(b), (d) are for carbon plasma. The color bar represents the
hormonic numbers. The middle dotted and dashed black lines
are plotted for the 50th harmonic in each case. See text for
explanation.
it is suitable for generating coherent XUV radiations in
the water-window region with high temporal coherence.
While the region of the map between the middle dotted
black and lower most red lines depicts a region where
harmonic orders (> 50) overlap significantly with each
other, yielding a quasi-continuous spectra suitable for a
single attosecond pulse generation.
To conclude, we have studied HHG in the ultra-
relativistic regime of laser-plasma interaction. In this
regime the ion motion, induced by the HB effect, tends
to strongly affect the frequency bandwidth of the gener-
ated harmonics. The classical RR force does not strongly
affect the frequency bandwidth but can lead to the reduc-
tion in the intensity of harmonics. Based on these con-
siderations, we have scanned parameter maps (plasma
density vs laser intensity) for different target materi-
als at normal as well as oblique incidences of the laser
pulse. These maps highlight the optimum regions for the
generations of the coherent XUV radiation in the water-
window part of the electromagnetic spectrum as well as
an intense single attosecond pulse. These results are im-
portant for studies aimed at designing the next genera-
tion of short-wavelength radiation sources by employing
the plasma high-harmonics.
One of the authors (NK) thanks Dr. Christian Ott for
a useful discussion.
∗ kumar@mpi-hd.mpg.de
[1] T. Pfeifer, C. Spielmann, and G. Gerber,
Reports on Progress in Physics 69, 443 (2006).
[2] G. Materlick and T. Tschentscher, TESLA Technical De-
5sign Report Part V-The X-ray Free Electron Laser, Tech.
Rep. (DESY, Hamburg, 2001).
[3] B. Dromey, M. Zepf, A. Gopal, K. Lancaster, M. S.
Wei, K. Krushelnick, M. Tatarakis, N. Vakakis, S. Mous-
taizis, R. Kodama, M. Tampo, C. Stoeckl, R. Clarke,
H. Habara, D. Neely, S. Karsch, and P. Norreys,
Nat Phys 2, 456 (2006).
[4] G. D. Tsakiris, K. Eidmann, J. Meyer-ter Vehn, and
F. Krausz, New J. Phys. 8, 19 (2006); P. Heissler,
R. Ho¨rlein, J. M. Mikhailova, L. Waldecker,
P. Tzallas, A. Buck, K. Schmid, C. M. S. Sears,
F. Krausz, L. Veisz, M. Zepf, and G. D. Tsakiris,
Phys. Rev. Lett. 108, 235003 (2012).
[5] M. Behmke, D. an der Bru¨gge, C. Ro¨del, M. Cerchez,
D. Hemmers, M. Heyer, O. Ja¨ckel, M. Ku¨bel, G. G.
Paulus, G. Pretzler, A. Pukhov, M. Toncian, T. Toncian,
and O. Willi, Phys. Rev. Lett. 106, 185002 (2011);
J. Braenzel, A. Andreev, M. Schnu¨rer, S. Steinke,
K. Platonov, G. Priebe, and W. Sandner,
Physics of Plasmas 20, 083109 (2013).
[6] C. Ro¨del, D. an der Bru¨gge, J. Bierbach, M. Ye-
ung, T. Hahn, B. Dromey, S. Herzer, S. Fuchs,
A. G. Pour, E. Eckner, M. Behmke, M. Cerchez,
O. Ja¨ckel, D. Hemmers, T. Toncian, M. C. Kaluza,
A. Belyanin, G. Pretzler, O. Willi, A. Pukhov, M. Zepf,
and G. G. Paulus, Phys. Rev. Lett. 109, 125002 (2012);
F. Dollar, P. Cummings, V. Chvykov, L. Will-
ingale, M. Vargas, V. Yanovsky, C. Zulick, A. Mak-
simchuk, A. G. R. Thomas, and K. Krushelnick,
Phys. Rev. Lett. 110, 175002 (2013).
[7] P. Gibbon, Phys. Rev. Lett. 76,, 50 (1996); U. Teubner
and P. Gibbon, Rev. Mod. Phys. 81, 445 (2009).
[8] C. Thaury, F. Quere, J. P. Geindre, A. Levy, T. Cec-
cotti, P. Monot, M. Bougeard, F. Reau, P. d/’Oliveira,
P. Audebert, R. Marjoribanks, and P. Martin,
Nat Phys 3, 424 (2007).
[9] F. Brunel, Phys. Rev. Lett. 59, 52 (1987).
[10] F. Que´re´, C. Thaury, P. Monot, S. Dobosz,
P. Martin, J.-P. Geindre, and P. Audebert,
Phys. Rev. Lett. 96, 125004 (2006).
[11] S. V. Bulanov, T. Z. Esirkepov, M. Kando,
A. S. Pirozhkov, and N. N. Rosanov,
Physics-Uspekhi 56, 429 (2013).
[12] R. Lichters, J. Meyer-ter Vehn, and A. Pukhov,
Phys. Plasmas 3,, 3425 (1996).
[13] T. Baeva, S. Gordienko, and A. Pukhov,
Phys. Rev. E 74, 046404 (2006).
[14] D. an der Bru¨gge and A. Pukhov,
Physics of Plasmas 17, 033110 (2010); B. Dromey,
S. Rykovanov, M. Yeung, R. Horlein, D. Jung, D. C. Gau-
tier, T. Dzelzainis, D. Kiefer, S. Palaniyppan, R. Shah,
J. Schreiber, H. Ruhl, J. C. Fernandez, C. L. S. Lewis,
M. Zepf, and B. M. Hegelich, Nat Phys 8, 804 (2012);
B. Dromey, S. Cousens, S. Rykovanov, M. Yeung,
D. Jung, D. C. Gautier, T. Dzelzainis, D. Kiefer,
S. Palaniyppan, R. Shah, J. Schreiber, J. C. Fernan-
dez, C. L. S. Lewis, M. Zepf, and B. M. Hegelich,
New Journal of Physics 15, 015025 (2013).
[15] A. A. Gonoskov, A. V. Korzhimanov, A. V.
Kim, M. Marklund, and A. M. Sergeev,
Phys. Rev. E 84, 046403 (2011).
[16] T. Popmintchev, M.-C. Chen, D. Popmintchev, P. Arpin,
S. Brown, S. Aliˇsauskas, G. Andriukaitis, T. Balcˇiunas,
O. D. Mu¨cke, A. Pugzlys, A. Baltusˇka, B. Shim, S. E.
Schrauth, A. Gaeta, C. Herna´ndez-Garc´ıa, L. Plaja,
A. Becker, A. Jaron-Becker, M. M. Murnane, and
H. C. Kapteyn, Science 336, 1287 (2012); Y. Nomura,
R. Horlein, P. Tzallas, B. Dromey, S. Rykovanov,
Z. Major, J. Osterhoff, S. Karsch, L. Veisz, M. Zepf,
D. Charalambidis, F. Krausz, and G. D. Tsakiris,
Nat Phys 5, 124 (2009); Z. Chang, A. Rundquist,
H. Wang, M. M. Murnane, and H. C. Kapteyn,
Phys. Rev. Lett. 79, 2967 (1997).
[17] S. Corde, K. Ta Phuoc, G. Lambert, R. Fitour,
V. Malka, A. Rousse, A. Beck, and E. Lefebvre,
Rev. Mod. Phys. 85, 1 (2013).
[18] V. Yanovsky, V. Chvykov, G. Kalinchenko,
P. Rousseau, T. Planchon, T. Matsuoka, A. Mak-
simchuk, J. Nees, G. Cheriaux, G. Mourou, and
K. Krushelnick, Opt. Express 16, 2109 (2008);
“The extreme light infrastructure project,” .
[19] L. D. Landau and E. M. Lifshitz, The Classical Theory of
Fields, fourth revised english ed., Course of Theoretical
Physics, Vol. 2 (Butterworth-Heinemann, 2005).
[20] A. Di Piazza, C. Mu¨ller, K. Z. Hatsagortsyan,
and C. H. Keitel, Rev. Mod. Phys. 84, 1177 (2012);
I. V. Sokolov, N. M. Naumova, J. A.
Nees, G. A. Mourou, and V. P. Yanovsky,
Physics of Plasmas 16, 093115 (2009); M. Tam-
burini, F. Pegoraro, A. D. Piazza, C. H. Keitel, and
A. Macchi, New Journal of Physics 12, 123005 (2010);
M. Chen, A. Pukhov, T.-P. Yu, and Z.-M. Sheng,
Plasma Physics and Controlled Fusion 53, 014004 (2011);
M. Tamburini, F. Pegoraro, A. Di Piazza,
C. H. Keitel, T. Liseykina, and A. Macchi,
Nucl. Inst. Meth. Phys. Res. A 653, 181 (2011);
N. Kumar, K. Z. Hatsagortsyan, and C. H. Kei-
tel, Phys. Rev. Lett. 111, 105001 (2013); M. Vranic,
J. L. Martins, J. Vieira, R. A. Fonseca, and
L. O. Silva, Phys. Rev. Lett. 113, 134801 (2014);
E. Wallin, A. Gonoskov, and M. Marklund,
Physics of Plasmas 22, 033117 (2015).
[21] R. Capdessus, E. d’Humie`res, and V. T. Tikhonchuk,
Phys. Rev. E 86, 036401 (2012).
[22] T. Schlegel, N. Naumova, V. T. Tikhonchuk,
C. Labaune, I. V. Sokolov, and G. Mourou,
Physics of Plasmas 16, 083103 (2009);
A. P. L. Robinson, P. Gibbon, M. Zepf,
S. Kar, R. G. Evans, and C. Bellei,
Plasma Physics and Controlled Fusion 51, 024004 (2009);
S. C. Wilks, Phys. Rev. Lett. 69,, 1383 (1992);
C. Thaury and F. Que´re´,
Journal of Physics B: Atomic, Molecular and Optical Physics 43, 213001 (2010);
E. C. Welch, P. Zhang, F. Dollar, Z.-H.
He, K. Krushelnick, and A. G. R. Thomas,
Physics of Plasmas 22, 053104 (2015).
[23] M. C. Levy, S. C. Wilks, M. Tabak, and M. G. Bar-
ing, Physics of Plasmas 20, 103101 (2013); M. C. Levy,
S. C. Wilks, M. Tabak, S. B. Libby, and M. G. Baring,
Nature Communications 5, 4149 EP (2014).
[24] T. D. Arber, K. Bennett, C. S. Brady, A. Lawrence-
Douglas, M. G. Ramsay, N. J. Sircombe, P. Gillies,
R. G. Evans, H. Schmitz, A. R. Bell, and C. P. Ridgers,
Plasma Physics and Controlled Fusion 57, 113001 (2015).
[25] This calculation is based on the ROM model approxi-
mating the electron layer motion as a simple harmonic
oscillator.
